ABSTRACT
INTRODUCTION
Due to the increase in the number of windfarm installations and the physical size of individual wind turbine units, there is a greater probability of lightning strikes to turbine structures at high current magnitudes. As a result, the protection of human beings and livestock in the vicinity of such structures becomes more important. Windfarm earthing systems have different features and requirements, compared with earthing systems of conventional electrical installations such as substations. Due to the nature of their particular physical layout, windfarm earthing systems comprise concentrated electrode systems at the individual turbine locations, and these are normally interconnected to form an earthing system that may extend over several kilometres. Moreover, due to their frequent location on high rocky terrain, soil resistivity can be relatively high, and this contributes to the development of very high transient potentials on the earthing system under lightning conditions. In this case, it is important that the earthing system is designed to dissipate high magnitude transient currents safely to ground. Previous studies [1] [2] [3] [4] used models based on various geometric arrangements of wind turbine earthing system. However, a shortfall of these models is that they neglect the tower structure and model the in-ground electrodes as a number of simple horizontal electrodes arranged in square or ring shapes. These models may predict the performance of the wind turbine earthing system at low frequency injection, but for high frequency or transient conditions, the tower structure should be included in order to take into account the inductive effects and travelling waves phenomena. In this paper, these basic models are developed to take account of the turbine tower structure, and computer simulations are performed to determine the frequency response of the earthing system, the transient earth potential rise (EPR) and ground surface potential distribution around the turbine base. Conventional and novel earthing system enhancements are compared in terms of ability to reduce potentially hazardous touch voltages.
WIND TURBINE EARTHING SYSTEM
A typical earthing system of an individual wind turbine consists of a ring electrode installed around the foundation and bonded to the metal tower through the concrete foundation, as can be seen in Figure 1 . Each individual turbine earthing system is required to have an earth resistance of 10Ω or less, as specified in IEC 61024 -1998 and TR61400-24, 2002 [5, 6] . Vertical rods and additional horizontal electrodes are often used in conjunction with the ring electrode to achieve this value of earth resistance. Some alternative earthing arrangements are shown in Figure 2 
MODELLING METHODOLOGY
Wind turbine earthing systems based on an actual 1.5MW unit were modelled, and the frequency responses computed using numerical computation of the electromagnetic field [7] . For the same systems, the transient response to double-exponential impulse currents, as well as the distribution of the transient ground surface potential in the vicinity of the turbine, was determined. W unit were modelled, and the frequency responses computed using numerical computation of the electromagnetic field [7] . For the same systems, the transient response to double-exponential impulse currents, as well as the distribution of the transient ground surface potential in the vicinity of the turbine, was determined. Examples of models used in the simulations are shown in Figure 3 . Figure 3a shows an arrangement consisting of an octagonal-shaped turbine earthing system bonded to the reinforcing grid metalwork of the turbine foundation at a depth of 2.65m. Figure 3b shows this basic earthing system enhanced by an outer ring electrode of 20m diameter at a depth of 1m. For these two basic models, current injection is achieved through a short single vertical lead connected to the centre of the grid. Figure 3c illustrates the enhanced model which includes the tower structure, and this is represented by a series of interconnected vertical electrodes arranged in a cylindrical form.
Examples of models used in the simulations are shown in Figure 3 . Figure 3a shows an arrangement consisting of an octagonal-shaped turbine earthing system bonded to the reinforcing grid metalwork of the turbine foundation at a depth of 2.65m. Figure 3b shows this basic earthing system enhanced by an outer ring electrode of 20m diameter at a depth of 1m. For these two basic models, current injection is achieved through a short single vertical lead connected to the centre of the grid. Figure 3c illustrates the enhanced model which includes the tower structure, and this is represented by a series of interconnected vertical electrodes arranged in a cylindrical form. 
FREQUENCY RESPONSE FREQUENCY RESPONSE
For each simulation model, a current of 10kA was injected over the frequency range 1Hz to 1MHz and the EPR computed at the injection point, assuming a soil resistivity of 400Ωm. From the computed values of voltage and current, the impedance magnitudes seen from the injection point were determined, and the results are shown in Figure 4 . As can be seen in the figure, each curve shows a lower frequency range over which the earth impedance is constant and equal for all models. Therefore, it can be inferred that the effect of the tower structure is not significant at these frequencies. Furthermore, over this low frequency range, the benefit of the additional ring can be seen, with a reduction in impedance from 10.5Ω to 9Ω. Above a particular upturn frequency, the impedance magnitude increases sharply for all models. However, for the models that include the tower structure, the upturn frequency is significantly lower at 10kHz compared with 100kHz obtained without the tower structure. In addition, the earth impedance and corresponding EPR are much higher at high frequencies when accounting for the tower structure.
For each simulation model, a current of 10kA was injected over the frequency range 1Hz to 1MHz and the EPR computed at the injection point, assuming a soil resistivity of 400Ωm. From the computed values of voltage and current, the impedance magnitudes seen from the injection point were determined, and the results are shown in Figure 4 . As can be seen in the figure, each curve shows a lower frequency range over which the earth impedance is constant and equal for all models. Therefore, it can be inferred that the effect of the tower structure is not significant at these frequencies. Furthermore, over this low frequency range, the benefit of the additional ring can be seen, with a reduction in impedance from 10.5Ω to 9Ω. Above a particular upturn frequency, the impedance magnitude increases sharply for all models. However, for the models that include the tower structure, the upturn frequency is significantly lower at 10kHz compared with 100kHz obtained without the tower structure. In addition, the earth impedance and corresponding EPR are much higher at high frequencies when accounting for the tower structure. 
TRANSIENT EARTH POTENTIAL
Effect of tower structure: To quantify the effect of the above-ground turbine structure, the transient response of the wind turbine earthing models of Figures 3a and 3c was determined when subjected to 10kA doubleexponential current impulses of standard shapes (8/20 and 1/5). For these simulations, the transient earth potential was calculated at a point located at a distance 0.5m away from the tower along the ground surface. Figures 5a and 5b show the calculated for a soil resistivity of 400Ωm. For the slower 8/20 impulse ( Figure  5a ), the peak transient potential is slightly higher with inclusion of the tower structure. Moreover, for the 1/5 impulse, it can be seen that significantly higher peak voltages are developed for the model with tower structure. These results indicate that it is necessary to account for the above-ground structure for more accurate prediction of voltages developed at the turbine base. Effect of soil resistivity: Based on the model illustrated in Figure 3c , the ground surface potential at the same point, i.e. 0.5m away from the tower base at ground surface level, was calculated for different soil resistivity values (10Ωm, 400Ωm and1000Ωm). Figure 6 shows that the peak transient earth potential increases with soil resistivity, but that the increase is not linear under fast impulse conditions. Figure 7 shows the results for the 8/20 impulse; these illustrate the potential fall with distance along the profile away from the turbine base.
The rate of change of potential is highest just beyond the extremity of the earthing system and for high resistivity conditions. Similar trends were obtained for the 1/5 impulse but with higher magnitudes. These high potentials, together with the high potential gradients, generate step and touch voltages magnitudes that are dangerous to humans. To reduce the transient earth potential, and therefore the level of prospective step and touch voltages, a number of mitigation techniques were investigated.
MITIGATION TECHNIQUES
Selected standard mitigation techniques [5-6], to reduce the wind turbine earth impedance, were simulated in this work. These include: (i) a 20m diameter ring electrode around the tower base foundation (see Figure 3b) , (ii) the ring supplemented by 4 additional vertical electrodes distributed at equal spacing (see Figure 1) , and (iii) further enhancement by four additional radial 12.5m horizontal conductors buried at a depth of 1m and connected to the ring. A new earthing arrangement (iv) is proposed and investigated in this work. This proposes to add insulated counterpoise conductors near groundsurface directly above the buried horizontal conductors, as shown in Figure 8 . Such an arrangement offers the benefit of enhancement without increasing the extent of the earthing system. Variants of this arrangement involve adding additional interconnections between the insulated and buried bare horizontal conductors along the length. The insulated conductors extend the effective length of the buried horizontal earth electrodes.
Simulations of the turbine earthing system with the above different enhancements were carried out with a 10kA, 8/20 current injection and assuming 400Ωm soil resistivity. The calculated values of peak voltage at the turbine base are shown in Figure 9 . From the figure, it can be seen that adding the ring achieves a 14% reduction in transient earth potential compared with the basic earthing arrangement. However, the addition of four vertical rods to the ring produces no substantial further reductions in transient earth potential. Arrangement (iii) with 4 horizontal conductors achieves a 25% reduction in peak transient earth potential while introducing the insulated conductors produces further significant reduction of up to ≈40% in peak transient earth potential with the system having 12 interconnecting leads. Similar trends are seen with different soil resistivities and for fast rise-time impulses. In high resistivity soil and for fast impulse conditions, the peak transient earth potential can be reduced by up to 60% compared with the voltages developed with the basic turbine earthing system. It was established that, for high frequency and transient currents, the magnitude of wind turbine earth impedance seen from the point of injection is significantly higher when the above-ground turbine structure is taken into account. Furthermore, the calculated transient earth potential rise at the tower base is higher when the model includes the above-ground structure. Enhancing the earthing system with the proposed above-ground insulated conductor results in a substantial reduction in the developed transient potentials at the base of the turbine structure, and this reduction is more significant than with only buried bare horizontal conductor. These TEPR reductions produce associated reductions in touch voltages. Although it is not possible to quantify what is acceptably safe, due to the absence of recognised transient voltage safety thresholds for the human body, the proposed earthing system enhancement has the advantage of improving earthing system performance. 
SAFETY VOLTAGES
Based on the transient simulations carried out on the different earth systems, the peak transient touch potential 1m from the turbine base was calculated for selected arrangements. Tables 1 and 2 show the calculated values of touch voltages for different soil resistivities and for the two standard current impulses. From the tables, it can be seen that substantial reductions in touch voltage are achieved as a result of the earthing system enhancements, and these are mainly due to the reduction in overall TEPR. Further reduction in transient touch voltage could be obtained with the installation of a near surface potential grading ring 1m outside the perimeter of the turbine base. As seen above the insulated conductor helps to distribute more effectively the transient currents to areas further away from the turbine base.
